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comprises a first magnetic layer having a magnetization
direction invariable and perpendicular to a film surface, a
tunnel barrier layer formed on the first magnetic layer, and a
second magnetic layer formed on the tunnel barrier layer and
having a magnetization direction vanable and perpendicular
to the film surface. The first magnetic layer includes an inter-
face layer formed on an upper side in contact with a lower
portion of the tunnel barrier layer, and a main body layer
formed on a lower side and serving as an origin of perpen-
dicular magnetic anisotropy. The interface layer includes a
first area provided on an 1nner side and having magnetization,
and a second area provided on an outer side to surround the
first area and having magnetization smaller than the magne-
tization of the first area or no magnetization.
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MAGNETORESISTIVE ELEMENT AND
METHOD OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2011-205323,
filed Sep. 20, 2011, the entire contents of which are incorpo-
rated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netoresistive element and method of manufacturing the same.

BACKGROUND

An MRAM (Magnetic Random Access Memory) using a
ferromagnetic material 1s expected as a nonvolatile memory
endowed with nonvolatileness, high operation speed, large
capacity, and low power consumption. The MRAM includes
MTIJ (Magnetic Tunnel Junction) elements using the TMR
(Tunneling MagnetoResistive) effect as memory elements,
and stores information based on the magnetization states of
the MTJ elements. A perpendicular magnetization MTJ ele-
ment has been proposed as an MTJ element, which stores
information by generating magnetization perpendicular to the
f1lm surface.

The M'TJ element includes a storage layer having a variable
magnetization direction, and a reference layer having an
invariable magnetization direction. The storage layer is
stacked on a tunnel barrier layer on the reference layer. In the
perpendicular magnetization MTJ element, the reference
layer and the storage layer have different sizes. More specifi-
cally, the reference layer has, on the plane, a diameter larger
than that of the storage layer located above. That 1s, the MTJ
clement has a step shape in the section. The reference layer
includes an interface layer having a high polarization rate
near the interface to the tunnel barrier layer to obtain a high
magnetoresistive ratio necessary for reading information.

In general, perpendicular magnetic anisotropy 1s generated
in the iterface between the tunnel barrier layer and the inter-
face layer. However, 1n the process of forming the above-
described step structure, the tunnel barrier layer having an
exposed surface 1s nonuniformly etched, and the crystal struc-
ture 1s distorted. Hence, the perpendicular magnetic anisot-
ropy of the interface layer disappears, and the perpendicular
magnetic anisotropy of the reference layer becomes unstable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram showing a memory cell of an
MRAM according to each embodiment;

FIG. 2 1s a sectional view showing the structure of the
memory cell of the MRAM according to each embodiment;

FIGS. 3A and 3B shows the structure of a magnetoresistive
clement MTJ according to the first embodiment;

FIG. 4 1s a view showing an example of the principle of
magnetization disappearance of a deactivated area according
to the first embodiment;

FIGS. 5A and 5B 1s views showing other examples of the
principle of magnetization disappearance of the deactivated
area according to the first embodiment;

FIG. 6 1s a graph showing the relationship between mag-
netization and the additional element ratio of a P element
when the P element 1s doped into the deactivated area accord-
ing to the first embodiment;
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2

FIG. 7 1s a graph showing the relationship between mag-
netization and the additional element ratio of an N element

when the N element 1s doped into the deactivated area accord-
ing to the first embodiment;

FIG. 8 1s a graph showing the relationship between mag-
netization and the additional element ratio of an S1 element
when the S1 element 1s doped into the deactivated area accord-
ing to the first embodiment;

FIG. 9 1s a graph showing the relationship between mag-
netization and the additional element ratio of a B element
when the B element 1s doped into the deactivated area accord-
ing to the first embodiment;

FIG. 10 1s a graph showing the relationship between mag-
netization and the additional element ratio of an S element
when the S element 1s doped 1nto the deactivated area accord-
ing to the first embodiment;

FIG. 11 1s a graph showing the relationship between mag-
netization and the additional element ratio of an O element
when the O element 1s doped 1nto the deactivated area accord-
ing to the first embodiment;

FIG. 12 1s a graph showing the relationship between the
doping amount and magnetization when a group IV element
and a group V element are doped into the deactivated area
according to the first embodiment;

FIG. 13 1s a graph showing the relationship between the
magnetic field and magnetization when a group V element 1s
doped into the deactivated area according to the first embodi-
ment and a comparative example;

FIG. 14 1s a sectional view showing the structure of a first
modification of the magnetoresistive element MTJ according,
to the first embodiment;

FIG. 15 1s a sectional view showing the structure of a
second modification of the magnetoresistive element MTJ
according to the first embodiment;

FIGS. 16, 17, and 18 are sectional views showing steps in
the manufacture of the magnetoresistive element MTJ
according to the first embodiment;

FIG. 19 15 a sectional view showing a comparative example
of the magnetization direction of the magnetoresistive ele-
ment MT1J according to the first embodiment;

FIG. 20 1s a sectional view showing the magnetization
direction of the magnetoresistive element M1 according to
the first embodiment;

FIG. 21 1s a sectional view showing the structure of a
magnetoresistive element MTJ according to the second
embodiment;

FIG. 22 1s a sectional view showing the structure of a
modification of the magnetoresistive element MTJ according,
to the second embodiment; and

FIG. 23 1s a sectional view showing the structure of a
magnetoresistive element M TJ according to the third embodi-
ment.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetoresis-
tive element comprises a first magnetic layer having a mag-
netization direction invariable and perpendicular to a film
surface, a tunnel barrier layer formed on the first magnetic
layer, and a second magnetic layer formed on the tunnel
barrier layer and having a magnetization direction variable
and perpendicular to the film surface. The first magnetic layer
includes an interface layer formed on an upper side 1n contact
with a lower portion of the tunnel barrier layer, and a main
body layer formed on a lower side and serving as an origin of
perpendicular magnetic anmisotropy. The interface layer
includes a first area provided on an inner side and having
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magnetization, and a second area provided on an outer side to
surround the first area and having magnetization smaller than
the magnetization of the first area or no magnetization.

The embodiments will now be described with reference to
the accompanying drawings. The same reference numerals
denote the same parts throughout the drawings, and a repeti-
tive description thereof will be done as needed.

1. Example of Arrangement of MRAM

An example of the arrangement of an MR AM according to
cach embodiment will be described with reference to FIGS. 1
and 2.

FIG. 1 1s a circuit diagram showing a memory cell of the
MRAM according to each embodiment.

As shown 1n FIG. 1, a memory cell in a memory cell array
MA 1ncludes a series connection structure of a magnetoresis-
tive element M TJ and a switch element (for example, FET) T.
One terminal of the series connection structure (one terminal
of the magnetoresistive element MTJ) 1s connected to a bit
line BL A, and the other terminal of the series connection
structure (one terminal of the switch element T') 1s connected
to a bit line BLB. The control terminal of the switch element
T, for example, the gate electrode of the FET 1s connected to
a word line WL.

The potential of the word line WL 1s controlled by a first
control circuit 11. The potentials of the bit lines BLLA and
BLB are controlled by a second control circuit 12.

FIG. 2 1s a sectional view showing the structure of the
memory cell of the MRAM according to each embodiment.

As shown 1 FIG. 2, the memory cell 1s formed from the
switch element T and the magnetoresistive element MTJ
arranged on a semiconductor substrate 21.

The semiconductor substrate 21 1s, for example, a silicon
substrate, and the conductivity type can be either P or N. In the
semiconductor substrate 21, for example, a silicon oxide
layer having an STI structure 1s arranged as an element 1s0-
lation nsulating layer 22.

The switch element T 1s arranged 1n the surface area of the
semiconductor substrate 21, more specifically, in the element
area (active area) surrounded by the element 1solation 1nsu-
lating layer 22. In this example, the switch element T 1s an
FET that includes two source/drain diffusion layers 23 1n the
semiconductor substrate 21, and a gate electrode 24 arranged
on the channel area between them. The gate electrode 24
functions as the word line WL.

The switch element T 1s covered with an insulating layer
(for example, silicon oxide) 25. Contact holes are formed 1n
the msulating layer 25. A contact via (CB) 26 1s arranged in
cach contact hole. The contact via 26 1s made of a metal
material such as W (tungsten) or Cu (copper).

The lower surface of the contact via 26 1s connected to the
switch element. In this example, the contact via 26 1s 1n direct
contact with the source/drain diffusion layer 23.

Alower electrode (LE) 27 1s arranged on the contact via 26.
The lower electrode 27 has a stacked structure of, for
example, Ta (10 nm)/Ru (5 nm)/Ta (5 nm).

The magnetoresistive element MTJ 1s arranged on the
lower electrode 27, that 1s, immediately above the contact via
26. Details of the magnetoresistive element MTJ according to
this embodiment will be described later.

An upper electrode (UE) 28 1s arranged on the magnetore-
sistive element M'TJ. The upper electrode 28 1s made of, for
example, TiN. The upper electrode 28 1s connected to the bit

line (for example, Cu) BLA via a via (for example, Cu) 29.

2. First Embodiment

A magnetoresistive element MTJ according to the first
embodiment will be described with reterence to FIGS. 3,4, 5,
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4
6,7,8,9,10,11,12,13,14,15,16,17, 18, 19, and 20. In the
first embodiment, a reference layer interface layer 32 located
under a tunnel barrier layer 34 in the magnetoresistive ele-
ment MTJ includes a magnetized area (first area) 38 at the
center portion, and a deactivated area (second area) 39 at the
peripheral portion where the magnetization 1s smaller than
that of the magnetized area 38. The magnetoresistive element
MTIJ according to the first embodiment will be explained
below 1n detail.

2-1. Structure of First Embodiment

The structure of the magnetoresistive element MTJ accord-
ing to the first embodiment will be described.

FIGS. 3A and 3B shows the structure of the magnetoresis-
tive element MTJ according to the first embodiment. More
specifically, FIG. 3A 1s a sectional view showing the structure
of the magnetoresistive element MTJ, and FIG. 3B 1s a plan
view showing the structure of the magnetoresistive element
MT]I.

As shown 1n FIG. 3A, the magnetoresistive element MTJ
includes a reference layer 33, a tunnel barrier layer 34, a
storage layer 35, a cap layer 36, and a hard mask (HM) 37.

The reference layer 33 1s formed on an underlying layer
(not shown) on the lower electrode 27. The reference layer 33
1s a magnetic layer having an invariable magnetization direc-
tion, and has perpendicular magnetization perpendicular or
almost perpendicular to the film surface. “Invariable magne-
tization direction” means that the magnetization direction
does not change for a predetermined write current.

The reference layer 33 1s made of, for example, CoFeB.
However, the embodiment 1s not limited to this. A ferromag-
netic material containing at least one element selected from
the group consisting of, for example, Co (cobalt), Fe (1ron), B
(boron) N1 (nickel), Ir (iriddium), Pt (platinum), Mn (manga-
nese), and Ru(ruthenium) may be used. Note that the refer-
ence layer 33 1s made of CoFeB in the amorphous state at the
time of formation, and 1s mainly made of CoFe after crystal-
lization.

The reference layer 33 includes a reference layer main
body layer 31 formed on the lower side, and a reference layer
interface layer 32 formed on the upper side. That 1s, the
reference layer main body layer 31 1s formed on the underly-
ing layer (not shown) on the lower electrode 27. The reference
layer interface layer 32 1s formed in contact with the lower
portion of the tunnel barrier layer 34. The reference layer
main body layer 31 1s the origin of perpendicular magnetic
anisotropy. The reference layer interface layer 32 attains lat-
tice matching with respect to the tunnel barrier layer 34 in
contact on the upper side. The reference layer main body layer
31 and the reference layer interface layer 32 are made of, for
example, the same material (for example, CoFeB) but may
have different composition ratios. More specifically, the com-
position ratio of the reference layer interface layer 32 1s
adjusted to attain lattice matching with respect to the tunnel
barrier layer 34 1n contact on the upper side. The reference
layer main body layer 31 1s not limited to CoFeB and may be
made of a ferromagnetic material such as FePd, FePt, CoPd,
or CoPt having the .10 structure or 11 structure, a ferrimag-
netic material such as ThCoFe, or an artificial lattice formed
from a stacked structure of a magnetic material such as Ni, Fe,
or Co and a nonmagnetic material such as Cu (copper), Pd
(palladium), or Pt. Details of the reference layer interface
layer 32 according to the first embodiment will be described
later.

“Perpendicular magnetization” means that the direction of
residual magnetization 1s perpendicular or almost perpen-
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dicular to the film surface (upper surface/lower surface). In
this specification, “almost perpendicular” means that the
direction of residual magnetization falls within the range of
45°<0=90° with respect to the film surtace.

The tunnel barrier layer 34 1s formed on the reference layer
33. The tunnel barrier layer 34 1s a nonmagnetic layer and 1s
made of, for example, MgO. The tunnel barrier layer 34
comes 1nto contact with the reference layer 33, thereby gen-
erating perpendicular magnetic anisotropy in the interface
(reference layer interface layer 32) to the reference layer 33.
Referring to FIG. 3, the tunnel barrier layer 34 1s formed to a
predetermined film thickness. In this embodiment, however, a
case 1n which the tunnel barrier layer 34 1s formed nonuni-
tormly at the peripheral portion can be assumed.

The storage layer 35 1s formed on the tunnel barrer layer
34. The storage layer 35 1s a magnetic layer having a variable
magnetization direction, and has perpendicular magnetiza-
tion perpendicular or almost perpendicular to the film surface.
“Variable magnetization direction” means that the magneti-
zation direction changes for a predetermined write current.
That 1s, the magnetization direction reversal threshold of the
storage layer 35 1s smaller than that of the reference layer 33.

The size of the storage layer 35 on the plane 1s smaller than
that of the reference layer 33 and the tunnel barrier layer 34.
The planar shape of the magnetoresistive element MT1J 1s, for
example, circular. For this reason, the diameter of the storage
layer 35 on the plane 1s smaller than that of the reference layer
33 and the tunnel barrier layer 34. The storage layer 35 1s
located above the central portion of the reference layer 33 and
the tunnel barrier layer 34. Note that the planar shape of the
magnetoresistive element MTJ need not always be circular
and may be square, rectangular, elliptical, or the like.

The storage layer 35 uses a ferromagnetic material con-
taining at least one element selected from the group consist-
ing of, for example, Co and Fe. In addition, for the purpose of
adjusting saturation magnetization, magnetocrystalline
anisotropy, or the like, an element such as B (boron), C
(carbon), or S1 (si1licon) may be doped 1nto the ferromagnetic
material.

The cap layer 36 1s formed on the storage layer 35. The hard
mask 37 1s formed on the cap layer 36. The hard mask 1s made
ol a conductive material containing, for example, as a metal.
An upper electrode 28 1s formed on 1it.

The magnetoresistive element MT1 1s, for example, a spin
transier torque magnetoresistive element. Hence, when writ-
ing data to the magnetoresistive element MTJ or reading data
from the magnetoresistive element MTJ, a current 1s bidirec-
tionally supplied to the magnetoresistive element M1 in the
direction perpendicular to the film surface (stacked surface).

More specifically, data write to the magnetoresistive ele-
ment MT1 1s performed 1n the following way.

When electrons (electrons moving from the reference layer
33 to the storage layer 35) are supplied from the side of a
lower electrode 27, the electrons are spin-polarized in the
same direction as the magnetization direction of the reference
layer 33 and injected into the storage layer 35. In this case, the
magnetization direction of the storage layer 35 1s aligned to
the same direction as the magnetization direction of the ref-
erence layer 33. The magnetization direction of the reference
layer 33 and that of the storage layer 35 thus have parallel
alignment. In this parallel alignment, the resistance value of
the magnetoresistive element MTJ 1s minimized. This case
will be defined as, for example, data “0”.

On the other hand, when electrons (electrons moving from
the storage layer 35 to the reference layer 33) are supplied
from the side of the upper electrode 28, the electrons are
reflected by the reference layer 33 to be spin-polarized in a
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direction reverse to the magnetization direction of the refer-
ence layer 33 and then mnjected into the storage layer 35. In
this case, the magnetization direction of the storage layer 35
1s aligned to the direction reverse to the magnetization direc-
tion of the reference layer 33. The magnetization direction of
the reference layer 33 and that of the storage layer 35 thus
have antiparallel alignment. In this antiparallel alignment, the
resistance value of the magnetoresistive element MTJ 1s

maximized. This case will be defined as, for example, data
“17.

Data read 1s performed in the following way.

A read current 1s supplied to the magnetoresistive element
MTIJ. The read current is set to a value that does notreverse the
magnetization direction of the storage layer 35 (a value
smaller than the write current). The semiconductor device can
perform the memory operation by detecting a change 1n the
resistance value of the magnetoresistive element M1 at this
time.

In the first embodiment, the reference layer interface layer
32 includes a magnetized area 38, and a deactivated area 39
where the magnetization 1s smaller than that of the magne-
tized area 38. The magnetized area 38 has perpendicular
magnetization 1n the same magnetization direction as 1n the
reference layer main body layer 31. On the other hand, the
deactivated area 39 has magnetization smaller than that of the
magnetized area 38, or preferably has no magnetization.

As shown 1n FIG. 33, the magnetized area 38 1s provided at
the center (1nner portion) of the reference layer interface layer
32, and the deactivated area 39 1s provided at the peripheral
portion (outer portion) to surround the magnetized area 38.
More specifically, the magnetized area 38 1s located under the
storage layer 35 and overlaps the storage layer 35 when
viewed from the upper side. In other words, the storage layer
35 does not exist above the deactivated area 39. That 1s, the
diameter of the magnetized area 38 1s the same as that of the
storage layer 35. In addition, the inner diameter of the deac-
tivated area 39 1s the same as the diameter of the storage layer
335 (the diameter of the magnetized area 38). The outer diam-
cter of the deactivated area 39 1s the same as the diameter of
the reference layer main body layer 31 and the tunnel barrier
layer 34. However, the embodiment 1s not limited to this, and
the inner diameter of the deactivated area 39 (the diameter of
the magnetized area 38) may be larger than the diameter of the
storage layer 35.

The deactivated area 39 contains an element (first element)
contained in the magnetized area 38, and another element
(second element) different from the element. That 1s, the
deactivated area 39 1s formed by using the first element, like
the magnetized area 38, and then doping the second element.
The deactivated area 39 contains the second element and thus
has magnetization smaller than that of the magnetized area 38
or no magnetization at all. Note that the second element may
be doped 1nto the reference layer main body layer 31 as well
to form the deactivated area 39 at part of the reference layer
main body layer 31 adjacent to the reference layer intertace
layer 32.

FIG. 4 1s a view showing an example of the principle of
magnetization disappearance of the deactivated arca 39
according to the first embodiment. FIG. 5 1s views showing
other examples of the principle of magnetization disappear-

ance ol the deactivated area 39 according to the first embodi-
ment.

As shown 1n FIG. 4, when the second element (X) 1s doped
into the deactivated area 39, the second element makes
chemical bonds with the first elements (for example, Co and
Fe) to form a compound. A nonmagnetic (antiferromagnetic)
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compound 1s thus formed, and the magnetization of the deac-
tivated area 39 considerably decreases or disappears.

Alternatively, as shown i FIGS. 5A and 5B, when the
second element 1s doped into the deactivated area 39, the
second element enters among the first elements (among the
lattice). The crystal structure of the first element changes, and
the magnetization of the deactivated area 39 considerably
decreases or disappears.

More specifically, the second element enters among the
first elements (among Co and Fe) to prolong the Co—Fe
interatomic distance, as shown 1n FIG. SA. When the inter-
atomic distance becomes long, the exchange interaction
weakens, and the magnetization disappears.

Alternatively, the second element segregates to the grain
boundary, and the first elements are separated into magnetic
clusters each formed from a plurality of crystal grains, as
shown i FIG. 5B. Superparamagnetism 1s generated 1in
which the magnetizations of the magnetic clusters cancel
cach other, and the magnetization disappears.

Note that the compound formation shown in FIG. 4 has
chemical stability higher than in the entry among the lattice
shown 1n FIG. 35, and restoration of magnetization of the
compound formation due to element diffusion or lattice rear-
rangement by an external cause such as heat occurs at low
possibility. For this reason, an element that forms a compound
with the first element 1s preferably used as the second ele-
ment.

N (nitrogen), P (phosphorus), As (arsenic), or Sb (anti-
mony ) that 1s a pnictogen (group V) element, or C (carbon), S1
(silicon), or Ge (germanium) that 1s a group IV element 1s
used as the second element. The embodiment 1s not limited to
those, and He (helium), F (fluorine), B (boron), Zr (zirco-
nium), Tb (terbrum), T1 (titanium), Mg (magnesium), S (sul-
tur), O (oxygen), or the like may also be used. Two or more of
these elements may be used.

FIGS. 6,7, 8,9, 10, and 11 are graphs each showing the
relationship between magnetization and the additional ele-
ment ratio of an element when the element 1s doped into the
deactivated area 39 according to the first embodiment. FIG.
12 1s a graph showing the relationship between the doping
amount and magnetization when a group IV element and a
group V element are doped into the deactivated areca 39
according to the first embodiment. FIG. 13 1s a graph showing
the relationship between the magnetic field and magnetiza-
tion when a group V element 1s doped 1nto the deactivated
area 39 according to the first embodiment and a comparative
example.

Asshownin FIGS. 6 and 7, when a group V element (in this
case, P or N) 1s doped 1nto the deactivated area 39, the mag-
netization disappears at an additional element ratio of about
0.3. As shown 1 FIG. 8, when a group IV element (1in this
case, S1) 1s doped into the deactivated area 39, the magneti-
zation disappears at an additional element ratio of about 0.5.

On the other hand, as shown 1in FIGS. 9, 10, and 11, when
an element (1n this case, B, S, or O) other than the groups IV
and V 1s doped nto the deactivated area 39, the magnetization
disappears at an additional element ratio of 0.5 or more.

As described above, when a group V element or a group IV
clement 1s doped into the deactivated area 39, the magnetiza-
tion can disappear with a smaller amount of element, as
compared to the other elements.

As shown 1n FIG. 12, when a group V element (1n this case,
As) 1s doped into the deactivated area 39, the magnetization
can disappear with a smaller doping amount as compared to a
case 1n which a group IV element (1n this case, Ge) 1s doped.
As shown 1n FIG. 13, when a group V element (in this case,
As) 1s doped into the deactivated area 39, the magnetization

10

15

20

25

30

35

40

45

50

55

60

65

8

generated by applying a magnetic field considerably
decreases as compared to a case 1n which no element 1s doped.

As described above, to make the magnetization of the
deactivated area 39 disappear, the deactivated area 39 1s most
preferably doped with a group V element.

2-2. Structures of Modifications of First
Embodiment

The structures of modifications of the magnetoresistive
clement MTJ according to the first embodiment will be
described.

FIG. 14 1s a sectional view showing the structure of a first
modification of the magnetoresistive element MTJ according,
to the first embodiment. FIG. 15 1s a sectional view showing
the structure of a second modification of the magnetoresistive
clement MT1J according to the first embodiment.

As shown 1n FIG. 14, 1n the first modification of the first
embodiment, the tunnel barrier layer 34 1s not formed on the
deactivated area 39. In other words, the tunnel barrier layer 34
1s formed only on the magnetized area 38 (center) of the
reference layer interface layer 32. That 1s, the diameter of the
tunnel barrier layer 34 1s the same as that of the magnetized
area 38 and the storage layer 35. This 1s because the peripheral
portion of the tunnel barrier layer 34 1s removed together with

the storage layer 35 1n an etching process to be described later.

As shown 1n FIG. 15, 1n the second modification of the first
embodiment, the tunnel barrier layer 34 1s formed to be thin-
ner on the deactivated area 39 than on the magnetized area 38.
In other words, the tunnel barrier layer 34 1s formed to be
thinner at the peripheral portion than at the center. This 1s
because the peripheral portion of the tunnel barrier layer 34 1s
partially removed together with the storage layer 35 1n an
etching process to be described later.

2-3. Manufacturing Method of First Embodiment

A method of manufacturing the magnetoresistive element
MTJ according to the first embodiment will be described.

FIGS. 16, 17, and 18 are sectional views showing steps 1n
the manufacture of the magnetoresistive element MTIJ
according to the first embodiment.

First, as shown i FIG. 16, a reference layer main body
layer 31 1s formed on an underlying layer (not shown) on a
lower electrode 27. The reference layer main body layer 31 1s
made of, for example, a ferromagnetic material such as
CoFeB, FePd, FePt, CoPd, or CoPt having the .10 structure
or L11 structure, a ferrimagnetic material such as ThCoFe, or
an artificial lattice formed from a stacked structure of a mag-
netic material such as Ni, Fe, or Co and a nonmagnetic mate-
rial such as Cu, Pd, or Pt. The reference layer main body layer
31 1s a magnetic layer having an invariable magnetization
direction, and has perpendicular magnetization perpendicular
or almost perpendicular to the film surface.

Next, a reference layer interface layer 32 1s formed on the
reference layer main body layer 31. The reference layer inter-
face laver 32 1s made of, for example, CoFeB, like the refer-
ence layer main body layer 31, but may have a different
composition ratio. The reference layer interface layer 32 1s a
magnetic layer having an invariable magnetization direction,
and has perpendicular magnetization perpendicular or almost
perpendicular to the film surface, like the reference layer
main body layer 31.

A tunnel barrier layer 34 1s formed on the reference layer
interface layer 32. The tunnel barrier layer 34 1s made of, for
example, MgO and 1s a nonmagnetic layer.
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A storage layer 35 1s formed on the tunnel barrier layer 34.
The storage layer 35 1s a magnetic layer having a variable
magnetization direction, and has perpendicular magnetiza-
tion perpendicular or almost perpendicular to the film surface.

After that, a cap layer 36 1s formed on the storage layer 35.
A hard mask 37 1s formed on the cap layer 36. The hard mask

37 1s made of a conductive material containing, for example,
a metal. However, the embodiment 1s not limited to this, and
the hard mask 37 may be made of an insulating material. After
that, a resist pattern 1s formed on the hard mask 37. The hard
mask 37 1s patterned by, for example, IBE (Ion Beam Etch-
ing) or RIE (Reactive Ion Etching) using the resist pattern as
a mask. The hard mask 37 thus remains at the center, and the
upper surface of the cap layer 36 1s exposed at the peripheral
portion.

As shown 1n FIG. 17, the cap layer 36 and the storage layer
335 are patterned by, for example, IBE or RIE using the pat-
terned hard mask 37 as a mask. The cap layer 36 and the
storage layer 35 remain at the center, and the upper surface of
the tunnel barrier layer 34 1s exposed at the peripheral portion.

Note that at this time, the tunnel barrier layer 34 may be
patterned or partially patterned at the peripheral portion, as
shown 1n FIG. 14 or 15. That 1s, the upper surface of the
reference layer interface layer 32 may be exposed at the
peripheral portion. Since IBE reduces damage to the etching,
surface (31de surface) of the storage layer 35, this patterning
process 1s preferably performed by IBE.

As shown 1n FIG. 18, an impurity 1s 1on-implanted to the
exposed surface (upper Surface). More specifically, an impu-
rity 1s 1on-implanted from the upper surface of the tunnel
barrier layer 34 exposed at the peripheral portion, and the
impurity element 1s doped into the peripheral portion of the
reference layer interface layer 32. When the tunnel barrier
layer 34 1s also patterned, the impurity may be 1on-implanted
directly to the exposed upper surface of the reference layer
interface layer 32. With this process, a magnetized arca 38 1s
tormed at the center of the reference layer interface layer 32,
and a deactivated area 39 having small magnetization (or no
magnetization) 1s formed at the peripheral portion.

Atthis time, the 1on 1implantation 1s performed perpendicu-
larly to the upper surface of the tunnel barrier layer 34. How-
ever, the embodiment 1s not limited to this, and the angle may
slightly be shifted depending on the manufacturing appara-
tus. More specifically, any angle that prohibits a large amount
of the impurity element from being implanted directly from
the side surface of the storage layer 35 1s usable.

The impurity element (second element) 1on-implanted 1nto
the deactivated area 39 1s different from the element (first
clement) contained 1n the reference layer interface layer 32
(magnetized area 38). N, P, As, or Sb that 1s a group V
clement, or C, S1, or Ge that 1s a group IV element 1s used as
the second element. The embodiment 1s not limited to those,
and He, F, B, Zr, Tb, T1, Mg, S, O, or the like may also be used.
Two or more of these elements may be used.

A side wall spacer layer (not shown) 1s formed on the side
surfaces of the storage layer 35, the cap layer 36, and the hard
mask 37. The tunnel barrier layer 34 and a reference layer 33
are patterned by, for example, IBE or RIE using the side wall
spacer layer as a mask. That is, the peripheral portion of the
tunnel barrier layer 34 and the peripheral portion of the ref-
erence layer 33 (the peripheral portions of the deactivated
area 39 and the reference layer main body layer 31) are
etched.

After that, a protective layer (not shown) 1s formed on the
entire surface, and the magnetoresistive element M TJ accord-
ing to the first embodiment 1s completed.
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2-4. Eftect of First E

Embodiment

According to the first embodiment, in the magnetoresistive
clement M'TJ including the storage layer 35 and the reference
layer 33 having a larger diameter, the reference layer interface
layer 32 1s formed from the magnetized area 38 at the center
(1nner portion) and the deactivated area 39 at the peripheral
portion (outer portion) having magnetization smaller than
that of the magnetized area 38. With this arrangement, even i
the peripheral portion (outer portion) of the tunnel barrier
layer 34 located between the storage layer 35 and the refer-
ence layer interface layer 32 1s nonuniformly etched 1n the
patterning process of the storage layer 35, the magnetization
direction of the deactivated area 39 located immediately
below 1s not distorted. It 1s therefore possible to suppress
degradation of the magnetic characteristic of the reference
layer 33. This effect will be described 1n more detail.

FIG. 19 1s a sectional view showing a comparative example
of the magnetization direction of the magnetoresistive ele-
ment MTJ according to the first embodiment. FIG. 20 1s a
sectional view showing the magnetization direction of the
magnetoresistive element MTJ according to the first embodi-
ment.

A case will be examined, 1n which the peripheral portion,
(exposed peripheral portion) of the tunnel barrier layer 34 1s
nonuniformly etched in the patterning process of the storage
layer 35, and crystal defects occur, as shown 1n FIGS. 19 and
20.

According to the comparative example, the deactivated
area 39 1s not formed at the peripheral portion of the reference
layer interface layer 32, as shown in FIG. 19. Normally,
interface magnetic anisotropy (perpendicular magnetic
anisotropy) 1s generated 1n the reference layer interface layer
32 that 1s in contact with the tunnel barrier layer 34. However,
if the peripheral portion of the tunnel barrier layer 34 1is
nonuniformly etched, the perpendicular magnetic anisotropy
at the peripheral portion of the reference layer interface layer
32 located immediately below the tunnel barrier layer 34
disappears. As a result, the magnetization direction at the
peripheral portion of the reference layer interface layer 32
becomes unstable, and the magnetization direction of the
reference layer main body layer 31 also becomes unstable.

On the other hand, according to the first embodiment, the
deactivated area 39 without magnetization 1s formed at the
peripheral portion of the reference layer interface layer 32, as
shown 1n FIG. 20. For this reason, even 1f the peripheral
portion of the tunnel barrier layer 34 1s nonuniformly etched,
the magnetization direction at the peripheral portion (deacti-
vated area 39) of the reference layer interface layer 32 located
immediately below the tunnel barrier layer 34 never becomes
unstable. That 1s, since no magnetization exists 1n the deacti-
vated area 39 inherently, the magnetization direction of the
deactivated area 39 does not become unstable due to the
nonuniformity of tunnel barrier layer 34. As a result, the
magnetization direction of the reference layer main body
layer 31 does not become unstable, either.

Note that when the deactivated area 39 has small magne-
tization, and the peripheral portion of the tunnel barrier layer
34 1s nonuniformly etched, the magnetization direction of the
deactivated area 39 becomes unstable. However, since the
magnetization of the deactivated area 39 1s small, the 1nflu-
ence on the reference layer main body layer 31 1s small and
substantially negligible.

The perpendicular magnetic anisotropy with respect to the
reference layer interface layer 32 disappears not only when
the peripheral portion of the tunnel barrier layer 34 1s non-
uniformly etched but also when the peripheral portion of the
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tunnel barrier layer 34 1s completely removed. That1s, the first
embodiment 1s applicable independently of the presence/ab-
sence ol the peripheral portion of the tunnel barrier layer 34,
and 1s applicable 1n various cases 1n which, for example, the
peripheral portion i1s nonuniformly formed or completely
etched.

3. Second Embodiment

A magnetoresistive element M'TJ according to the second
embodiment will be described with reference to FIGS. 21 and
22. In the second embodiment, a shift adjustment layer 30 that
1s a magnetic layer having an invariable magnetization direc-
tionreverse to the magnetization direction of a reference layer
33 is formed 1n the magnetoresistive element MTJ. The mag-
netoresistive element M'TJ according to the second embodi-
ment will be explained below 1n detail. Note that in the second
embodiment, a description of the same points as 1n the first
embodiment will be omitted, and different points will mainly
be explained.

3-1. Structure of Second Embodiment

The structure of the magnetoresistive element MTJ accord-
ing to the second embodiment will be described.

FIG. 21 1s a sectional view showing the structure of the
magnetoresistive element MTJ according to the second
embodiment.

As shown 1n FIG. 21, the second embodiment 1s different
from the first embodiment 1n that the magnetoresistive ele-
ment MTJ includes the shiit adjustment layer 50.

The shift adjustment layer 50 1s formed on an underlying
layer (not shown) on a lower electrode 27. The shift adjust-
ment layer 50 1s a magnetic layer having an invariable mag-
netization direction, and has perpendicular magnetization
perpendicular or almost perpendicular to the film surface. The
magnetization direction 1s reverse to that of a reference layer
33. Hence, the shiit adjustment layer 50 can cancel a leakage
magnetic field from the reference layer 33 to the storage layer
35. In other words, the shift adjustment layer 50 has the effect
of adjusting the offset of the reversing characteristic for the
storage layer 35, which 1s caused by the leakage magnetic
field from the reference layer 33, to the reverse direction. The

shift adjustment layer 50 1s made of, for example, a ferromag-
netic material such as FePd, FePt, CoPd, or CoPt having the
[.10 structure or L11 structure or an artificial lattice formed
from a stacked structure of a magnetic material such as Ni, Fe,
or Co and a nonmagnetic material such as Cu, Pd, or Pt.

The reference layer 33 1s formed on a spacer layer (not
shown) on the shiit adjustment layer 50. The diameter of the
shift adjustment layer 50 1s the same as that of the reference
layer 33 (the outer diameter of a deactivated area 39) and 1s
larger than the diameter of the storage layer 35 (the inner
diameter of the deactivated area 39 or the diameter of a
magnetized area 38).

3-2. Structure of Modification of Second
Embodiment

The structure of a modification of the magnetoresistive
clement MTJ according to the second embodiment will be
described.

FIG. 22 1s a sectional view showing the structure of a
modification of the magnetoresistive element MTJ according,
to the second embodiment.

As shown 1n FIG. 22, in the modification of the second
embodiment, the shift adjustment layer 50 1s formed on the
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storage layer 35. A cap layer 36 1s formed on the shift adjust-
ment layer 50. The diameter of the shift adjustment layer 50 1s
the same as that of the storage layer 35 (the imner diameter of
the deactivated area 39 or the diameter of the magnetized area

38) and 1s smaller than the diameter of the reference layer 33
(the outer diameter of the deactivated area 39).

3-3. Manufacturing Method of Second Embodiment

A method of manufacturing the magnetoresistive element
MTJ according to the second embodiment will be described.

First, as shown in FIG. 21, a shift adjustment layer 50 1s
formed on an underlying layer (not shown) on a lower elec-
trode 27. The shiit adjustment layer 50 1s made of, for
example, a ferromagnetic material such as FePd, FePt, CoPd,
or CoPt having the L10 structure or L11 structure or an
artificial lattice formed from a stacked structure of a magnetic
material such as Ni, Fe, or Co and a nonmagnetic material
such as Cu, Pd, or Pt.

Next, a reference layer main body layer 31, a reference
layer interface layer 32, a tunnel barrier layer 34, a storage
layer 35, a cap layer 36, and a hard mask 37 are sequentially
stacked on the shiit adjustment layer 50. The hard mask 37,
the cap layer 36, and the storage layer 33 are patterned. After
that, an impurity element 1s doped 1nto the peripheral portion
of the reference layer interface layer 32.

A side wall spacer layer (not shown) 1s formed on the side
surfaces of the storage layer 35, the cap layer 36, and the hard
mask 37. The tunnel barrier layer 34, a reference layer 33, and
the shift adjustment layer 50 are patterned by, for example,
IBE or RIE using the side wall spacer layer as a mask. That is,
the peripheral portion of the tunnel barrier layer 34, the
peripheral portion of the reference layer 33 (the peripheral
portions of a deactivated area 39 and the reference layer main
body layer 31), and the peripheral portion of the shift adjust-
ment layer 50 are etched.

After that, a protective layer (not shown) 1s formed on the
entire surface, and the magnetoresistive element M'TJ accord-
ing to the second embodiment 1s completed.

3-4. Manufacturing Method of Modification of
Second Embodiment

A method of manufacturing the modification of the mag-
netoresistive element MTJ according to the second embodi-
ment will be described.

First, as shown 1n FIG. 22, a reference layer main body
layer 31, a reference layer interface layer 32, a tunnel barrier
layer 34, and a storage layer 35 are sequentially stacked on an
underlying layer (not shown) on a lower electrode 27.

Next, a shift adjustment layer 50 1s formed on the storage
layer 35. The shift adjustment layer 50 1s made of, for
example, a ferromagnetic material such as FePd, FePt, CoPd,
or CoPt having the L10 structure or L11 structure or an
artificial lattice formed from a stacked structure of a magnetic
maternial such as Ni, Fe, or Co and a nonmagnetic material
such as Cu, Pd, or Pt.

A cap layer 36 and a hard mask 37 are sequentially stacked
on the shift adjustment layer 50. The hard mask 37, the cap
layer 36, the shift adjustment layer 50, and the storage layer
35 are patterned by, for example, IBE or RIE. After that, an
impurity element 1s doped into the peripheral portion of the
reference layer interface layer 32.

A side wall spacer layer (not shown) 1s formed on the side
surfaces of the storage layer 35, the shift adjustment layer 50,
the cap layer 36, and the hard mask 37. The tunnel barrier
layer 34 and a reference layer 33 are patterned by, for
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example, IBE or RIE using the side wall spacer layer as a
mask. That 1s, the peripheral portion of the tunnel barrier layer
34 and the peripheral portion of the reference layer 33 (the
peripheral portions of a deactivated area 39 and the reference
layer main body layer 31) are etched.

After that, a protective layer (not shown) 1s formed on the

entire surface, and the modification of the magnetoresistive
clement MTJ according to the second embodiment 1s com-

pleted.

3-5. Eftect of Second Embodiment

According to the second embodiment, the same effect as 1n
the first embodiment can be obtained.

Additionally, 1n the second element, the shift adjustment
layer 50 having magnetization 1n a direction reverse to that of
the reference layer 33 1s formed under the reference layer 33
or on the storage layer 35 1n the magnetoresistive element
MTI. This allows to cancel the leakage magnetic field from
the reference layer 33 to the storage layer 35 and improve the
magnetic characteristic of the magnetoresistive element M.

4. Third Embodiment

A magnetoresistive element MTJ according to the third
embodiment will be described with reference to FIG. 23. In
the third embodiment, a reference layer 33 has not a stacked
structure of a reference layer interface layer 32 and a refer-
ence layer main body layer 31 but an integrated structure
thereol. The magnetoresistive element M1 according to the
third embodiment will be explained below 1n detail. Note that
in the third embodiment, a description of the same points as 1n
the first embodiment will be omitted, and different points waill
mainly be explained.

4-1. Structure of Third Embodiment

The structure of the magnetoresistive element MTJ accord-
ing to the third embodiment will be described.

FIG. 23 1s a sectional view showing the structure of the
magnetoresistive element M TJ according to the third embodi-
ment.

As shown 1n FIG. 23, the third embodiment 1s different
from the first embodiment in that the reference layer main
body layer 31 1s not formed.

The reference layer 33 includes only the reference layer
interface layer 32 formed on an underlying layer (not shown).
Thereterence layer interface layer 32 1s made of, for example,
CoFeB. At this time, the reference layer interface layer 32 has
perpendicular magnetic anisotropy generated in the interface
to a tunnel barrier layer 34 formed on it and also has the
function of the reference layer main body layer 31.

The reference layer 33 (reference layer interface layer 32)
includes a magnetized area 38, and a deactivated areca 39
where the magnetization 1s smaller than that of the magne-
tized areca 38. The magnetized areca 38 has perpendicular
magnetization 1n an invariable magnetization direction. On
the other hand, the deactivated area 39 has magnetization
smaller than that of the magnetized area 38, or preferably has
no magnetization.

In the reference layer interface layer 32, the magnetized
area 38 1s formed at the center on the upper side (the side of
the tunnel barrier layer 34) and throughout the lower portion.
On the other hand, the deactivated area 39 1s formed at the
peripheral portion on the upper side. That 1s, the deactivated
area 39 surrounds the magnetized area 38 located at the center
on the upper side.
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Note that the deactivated area 39 may be formed at the
peripheral portion on the lower side. That 1s, the deactivated
area 39 may be formed throughout the peripheral portion.

The deactivated area 39 contains an element (first element)
contained 1n the magnetized area 38, and another element
(second eclement) different from the element. That 1s, the
deactivated area 39 1s formed by using the first element, like
the magnetized area 38, and then doping the second element.
The deactivated area 39 contains the second element and thus
has magnetization smaller than that of the magnetized arca 38
or no magnetization at all.

4-2. Manufacturing Method of Third Embodiment

A method of manufacturing the magnetoresistive element
MTJ according to the third embodiment will be described.

First, as shown in FIG. 23, a reference layer interface layer
32 1s formed on an underlying layer (not shown) on a lower
clectrode 27. The reference layer iterface layer 32 1s made
of, for example, CoFeB. The reference layer interface layer
32 has perpendicular magnetic anisotropy generated in the
interface to a tunnel barrier layer 34 formed on 1t.

The tunnel barrier layer 34, a storage layer 35, a cap layer
36, and a hard mask 37 are sequentially stacked on the refer-
ence layer interface layer 32. The hard mask 37, the cap layer
36, and the storage layer 35 are patterned by, for example, IBE
or RIE.

Next, an impurity element 1s doped into the peripheral
portion on the upper side of the reference layer interface layer
32 to form a deactivated area 39.

A side wall spacer layer (not shown) 1s formed on the side
surfaces of the storage layer 35, the cap layer 36, and the hard
mask 37. The tunnel barrier layer 34 and a reference layer 33
are patterned by, for example, IBE or RIE using the side wall
spacer layer as a mask. That is, the peripheral portion of the
tunnel barrier layer 34 and the peripheral portion of the ref-
erence layer 33 (the peripheral portions of a deactivated area
39 and the reference layer interface layer 32) are etched.

After that, a protective layer (not shown) 1s formed on the
entire surface, and the magnetoresistive element M T accord-
ing to the third embodiment 1s completed.

4-3. Eftect of Third Embodiment

According to the third embodiment, the same effect as 1n
the first embodiment can be obtained.

Additionally, 1n the third element, the reference layer main
body layer 31 1s not formed as the reference layer 33. Nor-
mally, the reference layer main body layer 31 can be made of
not only CoFeB but also an alloy such as CoPt, a ferrimag-
netic material such as ThCoFe, or a stacked artificial lattice
system such as Co/Pt. That 1s, the manufacturmg process of
the reference layer main body layer 31 1s more difficult than
that of the reference layer interface layer 32. In the third
embodiment, however, the reference layer 33 1s formed from
only the reference layer interface layer 32, and the reference
layer main body layer 31 whose manufacturing process 1s
difficult need not be formed. For this reason, only the refer-
ence layer interface layer 32 made of CoFeB easy to deposit
needs to be formed in the manufacturing process. Conse-
quently, the manufacturing process of the reference layer 33
becomes easy.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not mtended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
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omissions, substitutions and changes 1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the nventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the 1nventions.

What 1s claimed 1s:

1. A magnetoresistive element comprising:

a first magnetic layer having a magnetization direction

invariable and perpendicular to a film surface;

a tunnel barrier layer formed on the first magnetic layer;

and

a second magnetic layer formed on the tunnel barrier layer

and having a magnetization direction variable and per-
pendicular to the film surface,

wherein the first magnetic layer includes an interface layer

formed on an upper side 1n contact with a lower portion
of the tunnel barrier layer, and a main body layer formed
on a lower side and serving as an origin of perpendicular
magnetic anisotropy, and

the interface layer includes a first area provided on an inner

side and having magnetization, and a second area pro-
vided on an outer side to surround the first area and
having magnetization smaller than the magnetization of
the first area or no magnetization,

wherein a film thickness of the tunnel barrier layer on the

second area 1s smaller than a film thickness of the tunnel
barrier layer on the first area.

2. The element of claim 1, wherein the second area contains
a first element contained 1n the first area and a second element
different from the first element, thereby making the magne-
tization smaller than the magnetization of the first area.

3. The element of claim 2, wherein the second element
includes one of a group V element and a group IV element.

4. The element of claim 2, wherein the second element
includes at least one of N, P, As, Sb, C, S1, Ge, He, F, B, Zr, Tb,
T1, Mg, S, and O.

5. The element of claim 2, wherein the second area has the
magnetization smaller than the magnetization of the first area
as the second element makes a chemical bond with the first
clement to form a compound, or the second element enters
among a lattice formed by the first element to change a crystal
structure.

6. The element of claim 1, wherein a diameter of the first
magnetic layer 1s larger than a diameter of the second mag-
netic layer, and a diameter of the first area 1s equal to the
diameter of the second magnetic layer.
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7. The element of claim 1, wherein the second magnetic
layer does not exist on the second area.

8. The element of claim 1, further comprising a third mag-
netic layer that 1s provided under the first magnetic layer or on
the second magnetic layer, has a magnetization direction
invariable and reverse to the magnetization direction of the
first magnetic layer, and cancels a leakage magnetic field
from the first magnetic layer to the second magnetic layer.

9. The element of claim 1, wherein the tunnel barrier layer
does not exist on the second area.

10. A magnetoresistive element comprising:

a {irst magnetic layer having a magnetization direction

invariable and perpendicular to a film surface;

a tunnel barrier layer formed on the first magnetic layer;

and

a second magnetic layer formed on the tunnel barrier layer

and having a magnetization direction variable and per-
pendicular to the film surface,

wherein the first magnetic layer includes a first area pro-

vided on an inner side on an upper side and having
magnetization, and a second area provided on an outer
side to surround the first area and having magnetization
smaller than the magnetization of the first area or no
magnetization,

wherein a film thickness of the tunnel barrier layer on the

second area 1s smaller than a film thickness of the tunnel
barrier layer on the first area.

11. The element of claim 10, wherein the second area
contains a first element contained 1n the first area and a second
clement different from the first element, thereby making the
magnetization smaller than the magnetization of the first area.

12. The element of claim 11, wherein the second element
includes one of a group V element and a group 1V element.

13. The element of claim 11, wherein the second element
includes at leastone of N, P, As, Sb, C, S1, Ge, He, F, B, Zr, Th,
T1, Mg, S, and O.

14. The element of claim 11, wherein the second area has
the magnetization smaller than the magnetization of the first
area as the second element makes a chemical bond with the
first element to form a compound, or the second element
enters among a lattice formed by the first element to change a
crystal structure.

15. The element of claim 10, wherein a diameter of the first
magnetic layer 1s larger than a diameter of the second mag-
netic layer, and a diameter of the first area 1s equal to the
diameter of the second magnetic layer.
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